The specific function of microglia, the tissue resident macrophages of the brain and spinal cord, has been difficult to ascertain because of a lack of tools to distinguish microglia from other immune cells, thereby limiting specific immunostaining, purification, and manipulation. Because of their unique developmental origins and predicted functions, the distinction of microglia from other myeloid cells is critically important for understanding brain development and disease; better tools would greatly facilitate studies of microglia function in the developing, adult, and injured CNS. Here, we identify transmembrane protein 119 (Tmem119), a cell-surface protein of unknown function, as a highly expressed microglia-specific marker in both mouse and human. We developed monoclonal antibodies to its intracellular and extracellular domains that enable the immunostaining of microglia in histological sections in healthy and diseased brains, as well as isolation of pure nonactivated microglia by FACS. Using our antibodies, we provide, to our knowledge, the first RNAseq profiles of highly pure mouse microglia during development and after an immune challenge. We used these to demonstrate that mouse microglia mature by the second postnatal week and to predict novel microglial functions. Together, we anticipate these resources will be valuable for the future study and understanding of microglia in health and disease. microglia | glia | developmental neuroscience | RNAseq | macrophage M icroglia are the resident parenchymal myeloid cells of the CNS, with important roles in development, homeostasis, disease, and injury (1) . A major limitation to dissecting microgliaspecific contributions to these processes is an inability to distinguish microglia from related cells, such as macrophages. The importance of this distinction is increasingly clear, because microglia not only have unique origins and developmental transcriptional programs, but are self-renewing and function differently than infiltrating macrophages in CNS disease and injury (2) (3) (4) .
Until recently, methods to distinguish microglia from other CNS cells relied on morphological distinctions (ramified vs. amoeboid), relative marker expression by flow cytometry (the common leukocyte antigen CD45 hi/lo ) (5), or generating bone marrow (BM) chimeras (6, 7) . Unfortunately, these approaches have inherent limitations. First, parameters such as morphology or CD45 expression may change with disease or injury. Second, chimeric mouse generation leads to partial chimerism, causes inflammatory damage, and can take many months (8, 9) . More recently, tools based on microglial expression of the fractalkine receptor, Cx3cr1, overcame some of these limitations. The generation of knockin Cx3cr1-GFP (10) and Cx3cr1-CreERT (11, 12) mice advanced the specificity and sophistication with which to study microglial function. Cx3cr1, however, is also highly expressed by circulating monocytes (Ly6C lo ) and other tissue resident macrophages (10, 13, 14) . In addition, no widely available and well-validated antibodies to known antigens yet exist to specifically and stably identify microglia.
Therefore, we sought a molecular marker that would allow for the identification, isolation, and study of microglia across many applications. Whereas several studies have proposed potential microglia-specific markers (15) (16) (17) , none have systematically validated these candidates, elucidated whether the markers identified all microglia, or developed microglia-specific antibodies for use by the larger neuroscience community. Here we identify and describe transmembrane protein 119 (Tmem119) as a microglia-specific marker in both mouse and human CNS. We developed rabbit monoclonal antibodies against the intracellular and extracellular domains of mouse Tmem119 for use in immunohistochemical identification and FACS isolation of microglia, respectively. We adapted existing isolation methods to generate what are, to our knowledge, the first ever RNA sequencing profiles of pure, nonactivated microglia during development
Significance
Microglia are the tissue resident macrophages of the brain and spinal cord, implicated in important developmental, homeostatic, and disease processes, although our understanding of their roles is complicated by an inability to distinguish microglia from related cell types. Although they share many features with other macrophages, microglia have distinct developmental origins and functions. Here we validate a stable and robustly expressed microglial marker for both mouse and human, transmembrane protein 119 (Tmem119). We use custom-made antibodies against Tmem119 to perform deep RNA sequencing of developing microglia, and demonstrate that microglia mature by the second postnatal week in mice. The antibodies, cell isolation methods, and RNAseq profiles presented here will greatly facilitate our understanding of microglial function in health and disease.
and activated microglia following systemic inflammation. We added these data to a user-friendly website (www.BrainRNAseq. org). For human study, we identified and validated an anti-human TMEM119 rabbit polyclonal antiserum that specifically stains microglia in postmortem and surgical human brain sections. Together, the new microglial tools we developed have the potential to broadly enable studies of microglia function in health and disease.
Results
Tmem119 mRNA Expression Is Highly Enriched in the CNS and Specific to Most or all Microglia. To identify a microglia-specific marker, we generated a microglia-enriched gene expression profile of CD45 + immunopanned brain leukocytes from adult mice (18) . Comparing these data with our datasets of highly pure CNS cells and profiles of acutely purified immune cells (18) (19) (20) (21) (22) , we identified seven highly expressed and enriched candidates: Tmem119, Fcrls, P2ry12, P2ry13, Gpr34, Gpr84, Il1a (SI Appendix, Fig. S1A ). By in situ hybridization, we found only Tmem119 was expressed by all parenchymal myeloid cells ( Fig. 1 and SI Appendix, Fig. S1 B-F) but not C1q + choroid plexus or meningeal macrophages ( Fig. 1 D and E) , or Cd163 + perivascular cells (Fig. 1F ).
Tmem119
+ cells constituted 93 ± 4% (mean ± SEM) of all C1q + cells in brain sections, whereas all Tmem119 + cells were C1q
C1q
+ cells, with rare exception (Fig. 1C) , were located outside the CNS parenchyma. By quantitative PCR (qPCR), Tmem119 was highly expressed by CNS CD45
+ cells but not BM, spleen, liver, or blood ( Fig. 1G ; blood data not shown for clarity). Taken together, these data demonstrate Tmem119 is highly expressed by and limited to microglia.
Custom Anti-Tmem119 Monoclonal Antibodies Specifically Identify Microglia. Tmem119 is a type IA single-pass transmembrane protein with a reported role in osteoblast differentiation (23, 24) . Because no specific anti-mouse Tmem119 antibodies existed, we made two different monoclonal antibodies (mAbs) against the predicted extracellular (ECD) and intracellular (ICD) domains of mouse Tmem119 (SI Appendix, Fig. S2A ). We stained cryosections from Cx3cr1 GFP/+ × Tmem119 WT and knockout (KO) mice, as well as WT and KO lacking Cx3cr1-GFP. Both mAbs demonstrated robust microglial staining in WT but not KO tissues (Fig. 2 A and G and SI Appendix, Fig. S2B ). The ICD mAb immunostained the microglial cell surface, revealing many fine processes not apparent by classic markers (Fig. 2 B and C at E17, whereas by P7 ∼25% of CD45 lo CD11b + cells were Tmem119 + (Fig. 3C ). Between P10 and P14, the number of Tmem119 + microglia increased to adult (P60) levels (P60: 98.1 ± 0.6%, mean ± SEM). We found no mean fluorescence intensity (MFI) difference between young and adult Tmem119 + microglia, suggesting that once IR is detected, Tmem119 protein is expressed at adult levels. Together, these studies demonstrate that by P14 all microglia are Tmem119 + .
Tmem119 IR Distinguishes Microglia from Resident and Infiltrating
Macrophages After CNS Inflammation and Injury. To assess the utility of Tmem119 as a stable microglia marker, we selected three mouse models of injury and disease: sciatic nerve injury-induced microglial activation, lipopolysaccharide (LPS)-induced systemic inflammation, and optic nerve crush injury. Despite significantly increased Iba1
+ IR, we noted no loss of Tmem119 + microglia proximal to the dorsal root entry zone 4 d postsciatic nerve crush injury (SI Appendix, Fig. S2 E and F) . For systemic inflammationinduced microglia activation, we injected adult WT mice with PBS or LPS (5 mg/kg, i.p.) (25) , and analyzed two to three mice per group at 1 d and 3 d postinjection. As expected, LPS caused increased Iba1 IR and process hypertrophy ( Fig. 3D and SI Appendix, Fig. S3B ). In addition, all Iba1 + parenchymal cells remained Tmem119 + and staining intensity did not qualitatively decrease at either time point ( Finally, we investigated whether Tmem119 distinguishes microglia from infiltrating macrophages following optic nerve crush (ONC), a well-established CNS traumatic injury model with monocyte influx and local blood-brain barrier disruption (26, 27) . We performed unilateral retro-orbital ONCs in 30 and 120 d CCR2 RFP/+ mice, which express red fluorescent protein (RFP) only in infiltrating monocytes (n = 3, each) (13). We harvested nerves 7 d post-ONC, and processed sections with Tmem119 ICD and anti-Iba1 antibodies. At the crush site, some Iba1 + cells were Tmem119 − (SI Appendix, Fig. S3D , "x" marks). Iba1 D and E), suggesting that even after nerve injury, Tmem119 is a stable marker of resident microglia and not infiltrating macrophages. In summary, in peripheral injury, systemic inflammation (LPS) and traumatic CNS injury (ONC), Tmem119 specifically labeled only resident microglia, allowing for the visualization of microglia after inflammation and injury and providing a clear distinction between resident and infiltrating myeloid cells.
BM-Derived Cells in the Adult CNS Do Not Express Tmem119.
Microglia normally arise from yolk-sac progenitors (3). After some forms of brain injury, BM macrophages can take residence in the brain (8) . Because of the lack of markers to distinguish microglia from macrophages, it was unclear if engrafted BM macrophages transform into microglia. We performed a modified BM transplant conditioning regimen with GFP + donor BM to bolster CNS engraftment (SI Appendix, Experimental Procedures) We euthanized mice 3 and 6 mo (n = 2 and 3 animals, respectively, for conditioned; n = 1 and 1 for naïve) after transplant and examined if engrafted BM cells in the brain were Tmem119 + . At both time points, we observed GFP + cells along the meninges, in blood vessels, and in parenchyma of conditioned but not unconditioned mice. We noted more GFP + cells with complex, ramified morphology in the CNS parenchyma at 6 vs. 3 mo, although regionally, engraftment rates were never >15% of Iba1 Transcriptomes from Tmem119-Purified Microglia. Given the specificity and developmental regulation of Tmem119 in microglia, we wanted to generate a highly pure RNAseq profiling resource to better understand microglial development, maturation, and activation. We modified existing microglia isolation protocols (28, 29) to formulate a method that resulted in the most nonactivated and pure microglia profiles possible (Fig. 4A) . We dounce-homogenized brains, performed MACS-based myelin depletion, and sorted cells with Tmem119 ECD mAbs. We double-sorted to obtain >99% purity as assessed by flow cytometry and RNAseq expression of cell-type-specific markers ( Fig. 2F and SI Appendix, Fig. S4A ). We generated two to three replicates for the following microglia samples:
, and P60 (Tmem119 + ). We also collected Tmem119 + cells from P60 mice 24 h after 5 mg/kg, i.p. LPS (n = 3). We generated two replicates each of P60 and P21 nonmicroglia myeloid cells (CD45 hi CD11b
, one sample each for myeloid cells from E17 brain, E17 liver, P7 liver (hereafter "myeloid cells" for clarity) and whole brain for each age (n = 1 for E17-P21, n = 2 for P60) (Fig. 4B) . We generated cDNA libraries and performed RNAsEq. (30) , obtaining 27.6 ± 7.1 million paired-end 75-bp reads per replicate, and mapped and analyzed these data using the Tuxedo suite of tools (31) and edgeR (32) (see SI Appendix for details).
The full Cufflinks-generated fragments per kilobase per million (FPKM) dataset and edgeR differential expression analyses are available as Dataset S1, and on a custom website to view in comparison with our laboratory's other CNS cell type datasets: www.BrainRNAseq.org. Raw sequencing files are available from National Center for Biotechnology Information (NCBI) BioProject (accession no. PRJNA30727).
RNAseq Profiles Quality and Purity: Lower Expression of Activation
Marker Genes. We assessed the quality and purity of our RNAseq profiles by mapping quality and the expression of cell-type-specific and activation-associated genes. We mapped >58% of reads for all, and >70% of reads for most (n = 30) samples. As expected, myeloid-specific genes were highly enriched, with very low expression of other cell-type-specific genes (SI Appendix, Fig.  S4A ). These results reflect purity and that Tmem119 IR is sufficient to isolate microglia by P14. We calculated percentile ranks for several canonical activation genes for our naïve and LPS-stimulated samples, as well as five published datasets (15, 17, 30, 33, 34) ; these datasets were generated using CD45 or Cx3cr1 rather than a specific microglia marker, such as Tmem119, and used enzymatic digestion or Percoll for dissociation and myelin depletion. Compared with published profiles, canonical activation marker expression (Tnf, Il1b, Nfkb2) was significantly reduced in our naïve microglia, providing evidence that our procedure limits microglial activation (SI Appendix, Fig. S4B ).
Microglial Maturation Occurs by P14 and Correlates with Tmem119
Gene Expression. The precise onset of Tmem119 IR made us wonder about differences between microglia before and after P14. First, we compared microglia, myeloid cell, and whole-brain RNA expression profiles and found that microglia were highly similar throughout development, with more variability between biological replicates at P60 (Fig. 4B) . We clustered the averaged samples (35) and identified two distinct branches for microglia and CNS myeloid cells (SI Appendix, Fig. S4 C and D) , highlighting differences between these cell types. Microglia clustered by age with relatively small heights between branches, indicative of their highly correlated gene expression (SI Appendix, Fig. S4C ). Indeed, 57 of the 100 most highly expressed genes were shared from E17-P21 (Fig. 4C) . These include known microglia-enriched genes, such as Cx3cr1, P2ry12, Csf1r, and Fcrls. After P14, few genes were differentially expressed (Fig. 4D) , whereas most differences between P14, P21, and P60, each compared with P7 Tmem119 + microglia, were shared. In contrast to younger ages, most differentially expressed genes at and after P14 were lowly expressed at all ages (FPKM < 10) or a consequence of low-level synaptic contamination in some P60 replicates (Gad2, Snap25, Oprm1, Vsnl1, Pclo, Bdnf), evidenced by RNAseq reads in some but not all replicates. Given the small number of gene expression differences between microglia over P14, we concluded that microglia mature by P14.
Despite a lack of Tmem119 IR in 100% of E17 and 75% of P7 microglia (Fig. 3C) , our RNAseq profiles revealed robust Tmem119 expression at these ages, with an FPKM of 168 and 390, respectively ( Fig. 5A and Dataset S1). By P14, Tmem119 expression increased 6.8-fold to adult levels. Surprisingly, there was no difference in Tmem119 expression between P7 + and P7 − microglia, possibly suggesting an uncoupling of transcription and translation and that Tmem119-driven gene expression could be a robust microglial marker before IR.
With Maturity, Microglia-Enriched Gene Expression Increases, While Proliferation Decreases. Although microglial gene expression is highly correlated throughout development, we were interested in genetic changes that may underlie development-specific functions. First, we examined the top up-and down-regulated genes between E17 and "adult" (P21 and P60) microglia (SI Appendix, Table S1 ). A cassette of microglia-enriched genes were up-regulated, including Tmem119, P2ry13, and Olfml3. We generated a list of genes expressed by Tmem119 + microglia versus Tmem119 − myeloid cells and found that 37 of 100 top microglia-enriched genes are upregulated from E17 to adulthood (Fig. 5A and SI Appendix, Table  S2 ). We validated a selection of these genes by microfluidics-based qPCR and in situ (SI Appendix, Fig. S5 E, G, and H) . Although not all microglia-enriched genes demonstrated this trend, many reached their mature levels by P14. Given our interest in Tmem119 expression patterns and microglial maturity, we performed unsupervised hierarchical clustering of our microglial and published RNAseq datasets (30) to find other similarly behaved genes (SI Appendix, Table S3 and Dataset S1, "clusterID" column). The gene cluster of Tmem119 not only contained many microglia-enriched genes, but a number of genes associated with leukocyte development, differentiation, and homeostasis: Blnk, Inpp5d, Rgs10, Mef2c, Cysltr1, Orai1, Ifngr1, Pnp, Casp8, and Tgfbr1 (SI Appendix, Table S3 , Ingenuity Pathway Analysis).
Cell cycle-associated genes were among the top down-regulated genes we identified during microglia development (Fig. 5B and SI Appendix, Fig. S5A and Table S1 ). Given the inverse correlation between cell-cycle gene expression and the postnatal appearance of Tmem119 IR, we asked if Tmem119 IR, as a proxy for microglial maturity, corresponded with the end of microglia proliferation. We stained brain cryosections from E14, E17, P6, P12, and P60 mice (n = 2 each) with anti-Ki67, Tmem119 ICD, and Iba1 antibodies (Fig. 5C) . We quantified the relative percentages of proliferating (Ki67 + ) and nonproliferating (Ki67 − ) Iba1 + cells and their Tmem119 IR (Fig. 5D) 
Iba1
+ cells were still present, despite the end of microglial proliferation more than a week earlier. Together, these data show that although immature microglia before P6 are more proliferative in vivo, Tmem119 IR is not directly related to the termination of proliferation.
Other Analyses: Microglial Activation, Ligands/Receptors/Transcription Factors, and Platelets. Given our low baseline activation of Tmem119-sorted microglia, we wanted to determine the transcriptome of "classically" activated microglia. As discussed, we also sequenced microglia 24 h post-LPS injection. LPS-treated microglia up-regulated the expression of many myeloid cell inflammation-associated transcripts, including Lcn2, Ccl3, Cxcl10, Ccl5, Il1b, Tnf, and Tlr2 (SI Appendix, Table S4 ). Several microgliaenriched genes were also down-regulated, including P2ry12 and Tmem119, Fcrls, Olfml3, Ltc4s, and Adora3 (SI Appendix, Table S4 and Dataset S1). We validated several of these by qPCR (SI Appendix, Fig. S5F ). Pathway analysis (Qiagen) revealed increased Toll-like receptor (TLR), vitamin D3-receptor/RXR activation, and acute phase response signaling pathways (SI Appendix, Fig. S5B ) between naïve and LPS-treated microglia. Together, these results suggest that microglia respond to peripheral LPS with a classic-type activation profile and that some microglia-enriched transcripts are down-regulated. The notion that expression of microglial markers is sensitive to activation state is intriguing, as is the stability of Tmem119 IR despite decreased mRNA expression (Fig. 3 C and D) .
Among the top genes expressed by E17 versus adult microglia are several classes of genes associated with myeloid cell activation. Given the attributed functions of these enriched genes, and published hypotheses that young microglia, which are highly phagocytic and less ramified, might be activated (36), we compared our young microglia with LPS-treated microglia. Several + (Right). n.d., no difference; *P < 0.01 compared each with P6, P12, and P60; **P < 0.01 compared with P6; ***P < 0.01 compared with P6 and P12; n = 2 mice each, quantified four to eight fields from two to three sections. Box/ whiskers represent standard values. All P values calculated by one-way ANOVA with Tukey HSD and verified by pairwise t test with Bonferroni correction. (E) In situ of S100a8 at E17 and P60, the latter 24 h after LPS injection, revealing bright, S100a8-expressing cells not detected in naïve P60 brain (not shown). (Scale bars, 50 μm.) See also SI Appendix, Fig. S5 and Tables S2-S8. top LPS-induced genes were expressed more highly by E17 than adult microglia (Fig. 5E for S100a8 in situ, and SI Appendix, Table S4 , bold genes). Despite these similarities, we found more differences than similarities between young and activated microglia (SI Appendix, Fig. S5D ).
We also generated a list of known transcription factors, ligands, and receptors enriched in microglia over CNS myeloid cells, whole brain, and other CNS cell types (SI Appendix, Table S5 ). We curated a list of disease-associated genes (SI Appendix, Table S6 ), transcription factors (SI Appendix, Table S7 ), and platelet-enriched genes highly enriched in microglia (SI Appendix, Table S8 ).
Tmem119 Is also a Specific Marker of Human Microglia. Tmem119 is highly conserved, with 73% sequence homology between mouse and humans. To test the specificity of TMEM119 expression to human microglia, we quickly harvested CD11B + cells sorted from intraoperatively obtained, normal-appearing temporal lobe cortical tissue (n = 2; 47 and 8 y), and compared TMEM119 expression by qPCR with unpurified whole brain ( n = 2; pooled adult and 45 y) and peripheral blood leukocytes (n = 2; pooled adult and 66 y) (Fig. 6A) . We also examined the expression of CX3CR1 and CD11B as positive controls. TMEM119 expression was highly enriched in CD11b
+ cells over whole brain, and barely detectable in peripheral blood leukocytes, despite the presence of CD11B. We tested several commercially available anti-TMEM119 antibodies on human surgical brain specimens, identifying a rabbit polyclonal anti-human TMEM119 antibody that stained only CNS parenchymal Iba1
+ cells (Fig. 6B ). TMEM119 antisera stained the plasma membrane of most or all parenchymal Iba1
+ cells (microglia) in both gray and surrounding white matter from rapidly fixed surgical tissue from multiple patients (n = 4; ages 8, 47, 51, and 71 y). Despite the sequence homology between mouse and human Tmem119, neither the anti-mouse mAbs nor the anti-human polyclonal antisera worked to stain microglia in human or mouse, respectively. Together, these findings demonstrate that Tmem119 is a microglia marker in human CNS tissue as well as in mouse.
Discussion

Tmem119 Is a Specific and Stable Marker of Microglia in Mouse and
Human. In this study, we show that Tmem119, a transmembrane protein of unknown function, is a developmentally regulated and highly specific cell-surface marker of most or all microglia that is not expressed by macrophages or other immune or neural cell types. Tmem119 expression is abundant in prenatal microglia but IR-detected by two custom monoclonal antibodies-correlates with microglial maturity postnatally. These antibodies (Abcam, catalog nos. ab209064 ICD and ab210405 ECD) stably identify microglia, even after injury and inflammation. In addition, we optimized a method for isolating pure, nonactivated microglia using these antibodies. Tmem119 is also a specific marker of human microglia, for which we identified a polyclonal antibody to stain microglia in human brain cryosections (Abcam, catalog no. ab185333). These antibodies provide a powerful tool for specifically identifying microglia in future studies of the roles of microglia in CNS health and disease. In addition, the ECD mAb to mouse Tmem119 enabled us to develop a FACS method to prospectively isolate highly pure microglial cells. These purified cells can be used for biochemical studies, culture, or RNA isolation for gene expression studies.
RNAseq Profiles of Developing Microglia Reveal That Microglia
Mature by P14. Using the Tmem119 mAbs we generated here, we produced, to our knowledge, the first highly pure RNAseq profiles of microglia during development. These data are publicly accessible through www.BrainRNAseq.org. This resource will help foster the formation and testing of new hypotheses about microglial development and function. Using these profiles, we made several novel observations about microglial function during development. First, mouse microglia mature in vivo by P14, with few genetic differences between P14, P21, and P60 microglia. Both Tmem119 IR and microglia-enriched gene expression increase throughout development until P14, when they stabilize. These observations raise an important question for future studies: what signals induce microglial maturation? For example, is microglia maturation induced at P14 by a systemic endocrine signal or does CNS brain maturation induce a signal that acts on microglia?
In addition, microglial proliferation ceases days before maturation at P14. What is the relationship of microglial proliferation to maturity, and then to activation? In peripheral nerve injury, such as that in SI Appendix, Fig. S2F , microglia proliferate in the spinal cord by 2 d postinjury (37) (38) (39) . We showed that all Iba1 microglia also express many other genes of interest. For example, microglia express Pdgfb, which is involved in normal pericytemediated microvascular development (40, 41) , as highly as endothelial cells. Indeed, it is expressed by microglia throughout development, suggesting a potential novel role for early-arriving microglia in vascular development. In addition, microglia express Pdgfa (42), a mitogen that is critical for oligodendrocyte generation, and highly express Sparc, which helps regulate synapse formation (43) . We found that microglia express high levels of Hprt, a purine salvage pathway gene that is deficient in Lesch-Nyhan syndrome (SI Appendix, Table S5 ) (44) . This disease is characterized by hyperuricemia and progressive neurological symptoms, which include self-mutilation and intellectual disability. Another highly expressed gene is Comt, the enzyme responsible for the degradation of catecholamines (dopamine, epinephrine, norepinephrine), which is targeted by inhibitors to increase the efficacy of L-DOPA treatments for Parkinson disease patients, and is strongly associated with schizophrenia (45) . Several metabolic and storage disorders, such as Tay-Sachs, Hurler, neuronal ceroid lipofuscinosis, and peroxisomal biogenesis disorders, also have causal genes that are highly expressed by microglia, suggesting underlying pathology that might begin with microglial dysfunction (SI Appendix, Table S5 ). Microglia, as previously reported, also highly express Trem2, rare variants of which are associated with Alzheimer disease (46, 47) . Understanding more about the normal role of these microglial genes has great potential to contribute to our understanding of the pathophysiology of neurological disorders.
Our RNAseq profiles also revealed expression differences in immune effector genes (SI Appendix, Fig. S5C and Table S2 ), which could have important implications for divergent homeostatic and injury-related responses of microglia and myeloid cells. Given the recently identified novel role for the complement cascade and microglia in synaptic phagocytosis in normal development and disease (48), we compared expression of relevant genes in microglia and CNS macrophages. The upstream classic complement cascade proteins opsonize synapses for microglial engulfment of synapses. Compared with macrophages and other myeloid cells, microglia express many-fold higher levels of C1qa, -b, and -c, as well as the chemotactic receptor C3ar1 (SI Appendix, Table S2 and Dataset S1). Microglia also express significantly higher levels of opsonins (Pros1, Gas6) that promote synaptic phagocytosis by astrocytes (49) . These differences suggest that microglia may be specialized for their role in synapse pruning in health and disease.
Could microglia contribute to hemostatic functions in the CNS? Pathway analysis revealed that both the extrinsic and intrinsic coagulation pathways are down-regulated in microglia versus myeloid cells (SI Appendix, Fig. S5C ), based in part on the limited expression of clotting factors normally produced by the liver (F5, F10) , and the abundance of anticoagulation genes, such as protein S (Pros1) and tissue factor pathway inhibitor (Tfpi) in microglia (SI Appendix, Table S8 ). We also noted an abundance of platelet-enriched genes (50) that are enriched in microglia versus macrophages, including P2ry12, Pros1, Tfpi, Gp9 (glycoprotein 9, one component of the von Willebrand factor receptor), Itga6 (a laminin receptor on platelets) (51) , and Ptgs1 [which in platelets, with Tbxas1-also highly expressed by microglia-produces Txa2 to induce platelet aggregation (52, 53) ] (SI Appendix, Table  S8 , and Dataset S1). Previously, transcranial two-photon imaging studies of Cx3cr1 GFP/+ mice revealed rapid microglia process chemotaxis toward sites of laser-induced cerebral vessel injury, quickly patching microvessel leaks and apparently "shielding" the brain from hemorrhage (54) . Such injury-induced responses are mediated by P2Y receptors, and in particular P2ry12 (55, 56) . Indeed, a recently published study suggests that P2ry12-mediated chemotaxis directly influences CNS hemostasis, a finding of great interest in the context of our transcriptomic data, and one that could inform future therapeutic interventions (57).
Tmem119-Based Tools for Future Microglia Study. The tools generated in this study are now available to the research community. The monoclonal anti-mouse Tmem119 antibodies are available from Abcam (catalog nos. ab209064 and ab210405). The RNAseq dataset, as discussed, is available at www.BrainRNAseq.org. Protocols are available in SI Appendix, as well as upon request. In addition to the few hypotheses suggested here about microglia-specific function, we anticipate these new antibody and RNAseq profile resources will facilitate the identification and testing of many more.
Additionally, the identification of Tmem119 as a microgliaspecific marker can be used to develop further essential tools, such as a Tmem119 promoter-driven Cre recombinase mouse for highly specific gene targeting of microglia throughout development, given the early expression of Tmem119 transcript, and the first highly pure human microglia transcriptome. Furthermore, the identification of Tmem119 IR as a marker of mature microglia suggests that there might exist other proteins, which mark immature microglia, the pursuit of which is enabled by the new tools generated in the present study.
Finally, what does Tmem119 do? It is one of the most highly expressed microglia-specific genes and is expressed on the cell surface. What does its regulation during development mean for microglial function? What happens when microglia do or do not express Tmem119? We hope that these resources will allow many new studies of microglial function in health and disease.
Experimental Procedures
Human Tissue. Human brain tissue was obtained with informed consent under approved protocols of the Stanford University Institutional Review Board, intraoperatively from neurosurgical cases in collaboration with the Stanford Tissue Bank or University of California, San Francisco, Department of Neurosurgery.
Vertebrate Animals. All procedures involving mice were conducted in conformation with Stanford University guidelines that are in compliance with national and state laws and policies.
Most procedures are described in the text. For detailed cell purification, RNA in situ, mAb generation and use, injury and transplantation models, RNA isolation, sequencing and analysis methods, see SI Appendix, Experimental Procedures.
